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VARIABLE SPEED W.ND TURBINE HAVING A MATRIX CONVERTER 

pESCRlPTjQNOEJHF INVENTION 

Fjeldof * hft Invention 

,0011 The present invention relates to supplying e utility with power 
from a variable speed wind turbine, and. more particularly, to converting a 

«** «» . . —» * — 

using a matrix converter. 

Backg^undofthejn^^^ 

,002] Wind speed fluctuates over flme. Some wind turbines are not 

hte ,„C fltese fluduattons and rotate only at a single speed (frequency), 
able to treck these flu ^ ^ ^ ^ h (o use 

: SS^rU looted induoflon (asynchronous) 

9ene to31 Since the maximum power avallabie from Ate wind is a function 

■ 1 m and since the power captured by a propeller of a wind turbine 
of wind speed, and s,noe tne po v ^ b 

i* a function by rotor speed and wind speed, fixed speeo w 

II" »! JLdmum power. Fixed speed turbines also suflerfrom no.se, 

Problems and hfch stresses on are ufllfly grid. Furthermore the 
: " P wer factor of a gnd-connected asynchronous generator demands a 

le capacitor battery to compensate for the lagging power factor. 

XZl rtabie speed implements have been proposed . recover 

flxed speed turbines. Examples of these variable spaed wrnd turb nes are 
TJoed in U.S. Patents 5,033,039 and ,225,71, and 
US99/07996, each of wlrich is incorporated by reference herein * 

,004, A variable speed wind brrbine 100 is also shown n Fig. 1 . One 
o, more wind turbine blades (not shown) drives rotor shaft 1 1 1 of 

^hronous doubly-fed induct generelor 110. Turbine 1 00 sup l,es 
JLr from rotor 112 and staler 113 of generator 110 when shaft 111 . 
power rromro it sneeds above synchronous speed, 

rotating above synchronous speed. At speeds y 
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excitation power may be supplied to rotor 1 1 2 from rotor inverter 1 51 in order 
to achieve unity power factor at the stator side. At shaft speeds iower than 
synchronous speed, power is supplied from stator 113 and slip power along 
with the excitation power is supplied to rotor 112 from rotor inverter 151 . 

[005] To supply power from stator 113, Y/A-contacter 130 shifts the 
three stator windings selectively into a Y-connection or a A-connection. F.g. 
1 A shows the Y-connection and Fig. 1B shows the A-connection of the stator 
windings. The purpose of Y/A-switch 130 is to achieve a higher operational 
speed range and to reduce iron losses in the stator. Iron loss is a loss 
mechanism similar to the ohmic losses of a resistor. (In a generator, the 
ohmic losses are called copper losses). The iron loss originates both from 
eddy currents and hysteresis losses. Eddy currents are currents induced ,n 
the iron of the generator while hysteresis loss occurs when magnetic energy 
is stored and removed from the generator iron. The magnitude of the ,ron 
,osses depends on the voltage across the windings, and since the voltage 
across the stator windings in a Y-connection is decreased by a factor of 43 . 
the iron losses will decrease. Specially, for a given stator and rotor voltage, 
the speed range in Y-connection is increased by a factor of S compared to 
the speed range in A-connection. For example, if the speed range m 
A-connection is ± 36% around synchronous speed, the speed range is 
extended to ± 52% around synchronous speed when connecting the 
generator in Y-connection. This increased speed and frequency range .s 
derived from analysis of the following relationship between the rotor voltages 
and the stator voltages: 

u r = |s|-u s -n (1) 

where u s is the voltage across the stator winding, u r is the voltage across the 
rotor winding, n is the winding ratio between rotor and stator, and s is the slip. 

[006] The output voltage and current from the stator are fed into a 
medium voltage transformer. The transformer may be located in the top of 
the turbine or elsewhere. When a transformer is located in the top of a 
turbine, the transformer can be constructed in at .east two ways. The first way 
is with a primary winding (10kV) and a secondary winding (690V) and a 
special tap on the secondary winding (480V). The second way is w.th a 
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pnmary wWng (10kV> and a secondary Ending (690V) and a , ««, 
Idino (480V) Whan the madium voltage transformer ,s not ,n tha top of the 
Z a m et m a need forme converter vo,tage M (480V). and M 
^ sot fomented in severe, ways, such as e*her having e transformer 

I prtmary winding (690V) and seconder, winding (480V) or hav.g a 
autoLsformer with one acuve winding (690V) hut a secondary ta (* 
Tbe madium vohage transformer steps up the voHage to an amoun for 
ex amp,e ,0 kV atthe primage, quired for a power suppM * « • 
utility grid The contactor 1 13, however, is only exemplary end tha staler 

I I can he dire* connected to — r 170 in either Y— on 
or Jnnection. Further, the output from stator 113 can he connected 
J£» the u«y grid or,o a separate transformer. Instead of transformer 

170 ' ,0071 Tosupplypower to /f ro m ro .or11 2 ,currentlnducedin ro (or112 
is passed thraugh an output 140. which is designed to prevent l**e 
I „ * a noes across tha generator windings and thereby rncrease the 
r TZZ insuln, and then Is passed to a 
power converter 160. Power converter 160 Modes a conve er etoge 161, 
wW=h converts me vadabie freguancy output of generator 1 10 * a DC 
volteoe a DC link 152, including an electrolytic capacitance 163, and a 

nTrte » 1 64 which converts «te DC folk vottage M> a feted frequency 
^^ofconvertatlMisfedloafrKerlOO, which smoothesthe 
o^t Z sunned and boo* me DM* voltage. To reduce me voltage 

f sines included in converters 161 and 154,^»red 
IlZuency output is applied «o me iow-vofrage, tertiary Endings of 

transformer 1 70, for example 480 V. 

7,8, ,„ accordance w«h Fig. 1 and assuming idea, components: 

Pm = P r +Ps = sP s + P s where S =-^- W 

p sPjn. (3) 
r 1+s 

where ft, ,s me mechanical input power from me wind, ft is the power 
1^ from me rotor ** ft is me power supplied from me stator, and to, 
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and Ws are the angular frequency of the rotor shaft and the stator field, 
respectively. 

[0091 The configuration of Fig. 1 . which uses doubly-fed induction 
generator 1 10 and indirect power conversion circuit 1 50, has certain 
disadvantages. 

In the turbine of Fig. 1 , the switches in the rotor inverter 151 have to be 
designed to withstand the full load conditions at synchronous speed. At 
synchronous speed or near synchronous speed, high thermal stress on the 
switches in the rotor inverter occur because the load on the switches ,s 
unequally distributed. As an example, a generator may be running at 
synchronous speed and delivering a maximum power P m of 2 MW. At 
synchronous speed the rotor current Ir is direct current with a frequency of 
0Hz. I r is calculated as: 



u (4) 



n • cosf <j> J 

where n is the winding ratio between rotor and stator, , s is the stator current 
and cos(cp n ) is the nominal displacement angle of the generator when the rotor 
is short circuited. The maximum stator current /. at synchronous speed .s 
given by: 



j= PnBX ,_ (5) 



where U s is the line-line stator voltage. A typical stator voltage for a wind 
turbine that produces 2MW is 690V. Using equation 4 and equat.cn 5, the 
rotor current is 707 A, assuming a ratio n = 2.63 and cos(q> n ) = 0.9. At 
synchronous speed, the currents in the rotor windings have DC-values, and 
the current in a specific winding can assume any arbitrary DC-vaiue between 
zero and 707 • 42 . In a worst case scenario, one of the three windings carnes 
a DC-current of 707 • fi while the two windings each carry half (707 • 4~2\ 2) 
of the current but with the opposite sign. ^ sum of the rotor currents must 
at all times equal zero due to the Y-connection of the rotor windings.) At a 
shaft speed matching synchronous speed, the applied rotor voltage is close to 
zero Consequently, the control vectors for the switches in converter 151 are 
mostly zero-vectors, i.e., either the upper switches of rotor converter 151 are 





PCT/IB01/01123 



WO 01/91279 

Serine or the lower swtehes of rotor converter 151 are conducting most 
A Iln where the upper swifches are conduct shown ,n 
each switch in Una ..or inverter mus. he Ihermally rated to 
^hstand a current of VI • 707 .or a g«en «me psdod whiie the current 
radngs at nominal fluency should be 707/ vT meaning a factor 2 ,n 

An addKfcna, disadvantage ofdne Fig. 1 contra,- is the. 
capacLce 1 63 may reduce the efficiency and lifetime of p«-r 

r,;:Zer. ~r, the hamronic corral 

requlred to prevent high voltage changes across the generator w,n g 
• „ j =mane to winding insulation in generator 110. 

can also he called e«her venlurin, converters 

or airelt frequency converters. Seme wind turbines ^ ^ 

ZZ only about 7.5 KW of electricity A viable design us,ng a matnx 
dta wind turbine * produce electric* at higher power levels has 

^'^OlTlrdocumen^escribe^ndturhinesand/ordirec, 

freque cy inverters. For example. U.S. Patent No. 6,137,187 descnbes 
frequency c controller using field onented 

rmemod for operattm .hereof, U.S. Patent .. 
.tertric switches for reducing on-state power loss. U.S. Patent no. 
££T. ovular AC-AC variable voitage and variable frequency power 
carter system and control, U.S. Patent No. 5.892,677 descnbes an 

^ration with a device module of multiple AC-AC switches, u.o. 
integration wnn bidirectional insulated 

5 852 559 describes power application circuits uuieii y 
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- * iic: Patent No 5,798,631 describes performance 
aate bipolar transistor, U.S. Patent wo. o,. 

gaxe u.pu.a ^ hnH fnr doublv-fed machines, U.S. 

roadway-powered eiecbicvehide «M Patent ° ^Patent 
roauwoy k predicted torque set point, U.S. Patent 

.escribes a power <^™£L* reversible power conversion w«h 
No. 6,029,064 desenbes a phase^onron ^ 

eaual duty cycle substantially constant amplitude square wav 
equal duty oy „ 22 describes a ma tnx 

me power transfer, U.S. Paten. N , ^ ^ ac 

f— input to an ou»ut — 
«*h Q r . icina current waveforms, U.S. patenx nu. t.* 

Each of these U.S. patents are incorporated by reference 

iiiBiwirry" 1 = T » CIMVEWTI0N 

,013, The present invention describes a variable speed wind turbine 

oouplee to me * has a conbo, una to control are 

^hlng e ' eme T "a IZ turbine reay Indude, a voltage gradient 
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,nay indude, a pretedion drcuitfo, protocbng the matnx converter ag , s 
over voltages. Addiaon* the turbine raay indude, a proted™ arou* tar 
prot ed1ng the matrix converter against over voltages and for retting ccntrel 
r^grtd disrupt. AddKonally me turi*e may indude. means for pos,aon 
sensorieasdetedtonofthepositlonofsaidturbine ro tor«ithlhe 

m easuremen. of the current of said rotor, Wher induding the circulator, of 
reactive power. Additionally the turbine may indude a power controller for 
circulaung reactive energy. Addlaonally me turbine may indude a power 
cooler for centreing the power fador o, the Uabine w hou, ,mpad, g ^ 
nation of readive power. Additionally the awlchlng elements may ndude 
a standard H-Bridga module. Addftionally the stator may include a stotor 
ending means for shining between a Y-connecuon and a A*"™** 
Addiaonally the switching elements may be thermally rated to wrthsland a 
current a. least ^/V3 -707 A. MM the turbine may indude a means 
<or.be MM me acbve damping of current harmonics. Additionally .he 
lurbine may iadude a means for fading the acuve damping of resultont 

drive-train oscillations. .... eet 

,01 41 Additional objects and advantages of the ,nven.K,n w,ll be set 
fort h in part in me descrip U on wHich follows, and in part will be obvious from 
1 deacon, or may be learned by practice o, me Inven^The o*ds 
a „o advantages of the invent will be realized aad attain* by mea^he 
elements and combinations particularly pointed out in the appended dams. 

[01 51 It is to be understood that both the foregoing general 
description and the following detailed description are exemplary and 
explanatory only and are not restrictive of the invention, as daimed. 

nmrF pormPTION OF T"F nRAWINGS 

[016! The accompanying drawings, which are incorporated in and 
constitute a part of this specification, illustrate an implementation of the 
invents and together wim the descriptor serve to explain the pnncples of 



the invention. 



enuun. . . 

[017] FIG. 1 illustrates a wind turbine having an indirect, back-to- 
back power converter, 
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-» hip. illustrate a Y-connection and a A-connection, 
[018] FIGS. 1A and 1B illustrate a 

respectively. „ npra tionof rotor converter 151 of Fig. 1 

[019] FIG. 1C illustrates the operation 

^ convener cedent * , . ^ ^ 

fig. 2A illustrates a second configuration 
11 »*h the present invention; 

converters; f bidirec tional switch using 

[023] FIG. 4 illustrates a configuration 

a firs t standard switch module; 

[0241 FIG. 5 illustrates g , directional sWrtch using 

[0251 FIG. 6 illustrates a configuration ot 

Ct — a -ei digram o, a contn,, systen, tor 

- — s * ma8c ^ ° f opera,tons 

3 "Sr^ustrates . «*— - • — ** COnm> "'' n9 3 

7Z%- 10 <• • » d,aaram of one ou,put 168 of 0,6 

"""tL. pig Hiliustratesafour-stepcommutationaiaonthmfor 

p301 FIG. 11 lns»a phase „ anothe r 

changing the output voltage of a phase leg 

' nPUt ^ ». 12 iliushates a conjuration to predict a grid angle for fire 

moduU S « - ,or a * no **" 

consistent with the present invention 

[0331 FIG. 14 »k*tra tes '™P lementln9 mW ^ 
various analog and digital signals. 
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accompanying ' „ fte sa me cr like parts. The 

realized by other implementators. 

fiBB '" • ,„ can provide an efficient source of etecelc 

nrp<;ent nvention can pruviu* 

m k H i the environment and does no. uelize non- 
power mat is not harmful to romerts fte |Mfc 
renewable natural resources. The presen ^ ^ g 

. enew of „ wind — "~ 

V artab.e frequency outou. - • «« ^ on „ . portion of toe power 
one .mp.ementa.ton, toe mato,^ ^ ^ ^ ^ 
oroduced by me generator. In another imp 

^ all of toe power placed by toe gene^ ^ 

.urbine operation at vanable speed. T y ^ ^ ^ ^ 

b ,ades. U., higher energy P-***^,^ the acS ve power, both 
wind speeds; provide dynamic and full oonUo, ^ ^ 

— and abwe rrxSST— 34 - 9rtd 

the reactive power, i.e.. WW " f , ity since they 

can provide precise and accurate gr ^ „ 

tnnrsh canon, during cutm or oat ^ »*- TOke , 

redely high sw«ng ^ further reducing the level 

poaslbie to inciude a*e «*- * .he pa^ ^ ^ — 
of lower harmonics, such as . • ^nations and 

h me correnf; reduce P^^^lJa. variable speeds 
«■* and reduce mechanic, „„, y . , imNe d amoun. o, 

— * ^r::^ — toroagh toe drtve-.rain components 
. r^riretn^l.ed.oabso.mos.oftoepower 



* 
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, ki q *rtivelv reduce the amplitude of lower 
fluctuations,. The system * **> * fte ^ ,„ „ geartMX 

8 ,„ce the «W«*V ^ discusse d above for other systems. For 
to the unequal thermal stress ors ^ ^ 

instance in the present voltage control system, in 
TZ , is* is! - *5 — lev. is *e mo, means squared current 

ln „ near «, - * raBngs „ me awfches a, 

«" ^ M M * 8S: r 1 Lt H curren, rafings at rated speed. Infhe 
a^ronous speed ^ fc , sw . 

. ■ f? )imM the switch currents at rated speed . 
speed is times the arc 0 nr „ nk capacitance also may have a 

mifti qvstems Without a large DC linK capaciicn 
[038] bysienrav nroQ pnt invention also 

ma , have a h,gher pendens* ^ ^ 

and abaence of any law DC fink cap™ g ^ 

invention can be highly efficient by exhtohng lower switcn 

been generated together w. 

« „ «, OB p nassive filters can be designed wm 
present invention, these passive rf 

opponents because the matnx converter has a owe 
Harmonics compared to MM converter 150 of F,g. 



# 
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,040, Although a matnx converter hae a Mtf voltage dan* rt* 
«. ch Jerisdc is no. a problem when the converter is implemented ,n 

torbine. In such a turbine, the generator volfage. for example. . 
Z£2 me ,in*ed transfer redo as a da* crfterion. In o,her«s 
"Itmofor control, the motor voftage wouW not be se,ectab,e as a des^n 
^on *so, me voltage a. .he grid side of .he matrix converter may be 
^Tby increasing the number of fume on to tertian, winding of me 

achi6 L lout me need for an input from an eiecmom, 

*e main generator shaftfhafde.ee* the pos*on of fhe shafl. E„m,nabng 

posfcn sensor makes the system mechanically more robust. 

042, At light load, where rotor currents have low amplftude, an 
,J£*n -sorless rotor ar* deteoaon a*, be dftftcul. to *-n 
II I rippf e due to ewftohings is very pronounced compared to ate 
tonllfal rotor current. To increase the accuracy of .he rotor angle 
fanda "7: me orasent invention uses the fact that circulation of reactive 
^ a — - is forced to Crculato from me mafrix converter 
Tu me I ^he stotor and back to .he mafrix converter, can be use, 

current arn^de wfthou, changing me overall power 
£Z system. Tna, is me power factor seen ftt>m me gnd porn, 
Tneo^n is maintained at unfty (or any desk* vah^To mrprove me 

f tho ^nsorless rotor position scheme, the reference 
^F^ur^Ls^.Uy increasing me rotor current The 
la. in me r!al rotor current causes an increase in me reacave part o, 

, ♦ r *t the stator side becomes leading (capaative). To 

rgTirSelrence^r-r.fhelnp.a^^rn^ 

n is se. to consume rescue power, i.e. a iagging power factor 

L, Compared to me present VCS-sysfem, me matox converter 
ha5 a IMtod ability tor — g reecfrve power due to toe fact the, he 
lg gam of me ma.rtx converter debases asme power factor of toe 



# 
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matrix converter decreases <V, = V a «0.866-cos<#,)) where Wiethe angle 
between cunwt and voltage at the input of the matrix convener. 

[044] The protection circuit in practical matrix converter applicabons 
h ave useful, dual functions in wind tumine applications. For example, a matnx 
converter can include a damp circuit for protection of the converter swrtches 
against over volrages caused from the inherent presence of suay induces 
between the inputs and the matrix switching element array. Th,s lamp 
circuit also can be used to supply power for the matrix converter controller 
Z». - shown in Fig. 13, also during a period o, power grid distance, 
where energy to the conbol circuit is supported by energy stored ,n the 
aerator. As a result, the matrix converter wii, be able to resume coram, o, 
L generator when the grid distance disappears. Tbis bacK-up o the 
controller for the matrix converter enables the generator to be operated 
immediately after a distance has ended. Further, * prevent damages on 
tm matrix converter switches caused from abnormal grid condrtons for 
Tnce when a grid dlerup.cn disappears, an over voltage pretecbo, , crcu,. 
,„ ,he form of a Camp circuit is inserted on the three rotor term,nal of the 

genera !o45, in high-power implementations, me matrix converter preferably 
usee a power control prccedure to perm, cortro, of both me rea, an< Ireacbve 
portions of power that is output from me wind turbine. The use o a matnx 
converter in a high-power wind lurbine is coneary to the convenbonal w,sdom 
I me «. ,n fact, matrix converiere have been crWzed because the ou*u, 
vonaga (generator side in me present case) is limited to a percentage. 0.866, 
of the inpul voltage (grid sWe). Nevertheless, in the present system thts 
limitation on the voltage that is output from a matrix converter can be 
overcome by adding the voltage on the transformer or me generator 

I0461 The wind tumine of the present invention ,s more eftaent due 
to lower switching losses. Lower switching losses are 
of me swnchlngs become natural switchings. Half of me awrtchmg can be 
nature, communions, such as soft switching. A simpler confrc, smtcfcre 
due to single-stage power conversion, lowers me level o, undatable 
harmonics by using more voltage to*, and increases me H*» of me 
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power conversion unit by providing equal thermal stress on the 
semiconductors in the conversion unit independent of the rotor frequency. The 

output harmonic content of a matrix converter can be made lower than the 
harmonic content of the wind turbine shown in Fig. 1 because the matnx 

converter outputs voltages at three different .eve.s instead of two (like back-to- 
back converter 1 50 of Fig. 1). indeed, sincethe harmonic content of the 
voltage output is reduced, filters designed to remove harmonics can be made 
smaller. Further, since there is no DC-link capacitor, the maintenance 
requirements of the wind turbine can be reduced and the lifetime is increased. 

[047] To prevent damages on the rotor windings insulation caused 
from flash over voltages and to increase the IKetime of the rotor windings, a 
voltage gradient limiting circuit is inserted between the matrix converter and 
the rotor of the generator. The voltage gradient circuit comprises, for example, 
a three phase inductance or a three phrase inductance-capacitor filter. By 
inserting the voltage gradient limiting circuit, the gradients of the applied 
voltages is shared between the rotor winding and the voltage grad,ent hmrt,ng 

circuit. 

B. Architecture 

1. overall Confi gurations 

[048] A variable speed wind turbine 200 consistent with the present 
invention is shown in Fig. 2. One or more wind turbine blades (not shown) 
drives an doubiy-fed induction generator 21 0 via rotor shaft 21 1 . Turb.ne 200 
supplies power from rotor 212 and stator 213 of generator 21 0 when 
generator shaft 21 1 is rotating at a speed higher than synchronous speed. At 
these shaft speeds above synchronous speed, excKation power may be 
supplied to the rotor of the generator. At shaft speeds lower than synchronous 
speed, power is supplied from stator 213 while the slip power and the 
excitation power is supplied to rotor 212 from converter 250. 

r 0 49] By use of a Y/A -connector, the stator 21 3 winding can be 
selectively shifted into a Y-connection or a A-connection. The output of stator 
213 is fed into a transformer 260, having a secondary voltage of 690 V, for 
example The switch 230, however, is only exemplary and the stator can be 
directly connected to transformer 260 in a fixed Y- or A-connection. The 
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former steps up ft. vo«age to an amount, for example 10 KV. regu rod 
^ra power supply. such as a u*y. *—V, «- outpu from s* 213 
ZZ oonnecled diro* <o .ho uMy 9ria or «o a separate transtotmer, 

instead of transformer 260. Mr , 12 CUIre „t induced in rotor 212 

,0501 Tosupplypowerto/fromrotor212,currentinauc 

b 0 JlLu 9 h a Ige gradient IMng «* 220 ft a power conve er 
^ ^220 aete te prevent lanje voltage changes across fte generator 
Idlngs and thereby increases the lifetime 0. fte winding msulatan. 

S T Power converter 250 direcfly converts fte fixed frequency, 

d—e.an.n.oftercompon.te.fte 

aresuu,pu -ch.. must be provided in power converter 150 

DC link 1 52 or capacitance 163 that must be pro™ 

° f Fl9 ' Ll To directly convert a feed frequency, fixed ampltade 
AC vole to a variable frequency, variable amplitude AC voltage, power 
tr 2^ ndudes a maftx converter. A maftx converter is an anay of 
— By controlling fte s-ches in fte amay - signs, from 

r» o\ +ho matrix converter converts a fixed 

fluency, fixed amplitude AC-voltage at tn g 

variable amplitude AC voltage at fte generator s,de. By a proper co 

La grid phases u, u> and u, to fte generator phases u« u, and u, both fte 

!TcuC and generator voltage can be controlled. Tne re.abonsh,p 

11 tnera- voltege v, and * and fte gnd voyages v., v. and v, o, 

the matrix converter is calculated by: 

Vl Tn Tn Tn v„ 
[v y ] = [T2iT22T2 3 ][*>] ( 6 > 

Vs r« r« vc 

ro53] The transfer matrix T represents the transfer function from the 
instance us input voltage to the instantaneous output voltage. Since no 
«torage exists in the matrix converter, the gnd currents are g,ven a, 
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i a Tn T21 T31 ix 
[ iJ = [Ti2 T22 T32H i y J (7) 
i c Tn T23 T33 i 2 



where i a , ib and i c are the grid currents and i Xl i y and i z are the generator 
currents, which in the implementation of Fig. 2 are rotor currents (in the 
implementation of Fig. 2A, the generator currents are stator currents). The 
elements of the transfer function have to be assigned values that assure 
output voltages and input currents follow their respective references. By 
defining a modulation strategy, the elements in T. can be calculated at any 
instant of time. For sinusoidal input currents and output voltages, the matrix 

43 

converter has an intrinsic output voltage limit of v g e n erator = — • 

[054] Consequently, the generator voltage and the grid currents are 
controllable parameters. On the other hand, the grid side voltage of the matrix 
converter is determined by the grid, while the generator currents are 
determined by the characteristics of the generator. 

[0551 A filter 240 smoothes the switched AC-current from power 
converter 250, and passes the smoothed current to a tertiary winding of 
transformer 260. Transformer 260 steps up the voltage to an amount, for 
example 10 kV, required for a power supply, such as a utility. Of course, the 
output of filter 240 could be directly coupled to the grid without any 
transformer or a separate transformer could be used. 

[056] Another embodiment of a wind turbine 200A consistent with the 
present invention is shown in Fig. 2A. Wind turbine 200A differs from wind 
turbine 200 in that wind turbine 200A uses an induction generator 21 OA that 
does not have brushes (electrical connections) to rotor 21 2A. For example, 
induction generator 21 OA could be a squirrel-cage induction generator. 

[057] Since generator 21 OA does not have brushes, all of the power 
produced by generator 21 OA is output from the stator 21 3A. The three-phase 
output, for example, of stator 213A is connected to a voltage gradient limiting 
circuit 220A, which prevents large voltage changes across the generator 
windings. The output of this circuit is connected to a power converter 250A, 
which is similar to power converter 250 of Fig. 2 and includes a matrix 
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converter for converting the constant frequency, constant amplitude voltage 
from the grid supply to a variable frequency, variable amplitude voltage at the 
stator side of generator 21 OA. Nevertheless, since the matrix converter of 
power converter 250A must handle all of the power of the generator, the 
components constituting the matrix converter must withstand higher voltages 
and/or currents. 

[058] A filter 240A smoothes the constant-frequency AC current from 
power converter 250A, and passes the smoothed current to a secondary 
winding of transformer 260A. Transformer 260A steps up the voltage to an 
amount, for example 10 kV, required for a power supply, such as a utility. 
Transformer 260A does not require a tertiary winding. Of course, the output of 
filter 240A could be directly coupled to the grid without any transformer. 

[059] In the doubly-fed variable-speed wind turbine system of Fig. 2, 
converter 250 is fed from transformer 260. Transformer 260 has a primary 
winding connected to the supply (utility grid) and secondary and tertiary 
windings. Converter 250 is connected to the tertiary winding of transformer 
260, as mentioned above. The intrinsic property of matrix converters that 
limits the output voltage to be 0.866 of the input voltage does not constitute a 
problem in the present invention because a fairly arbitrary voltage can be 
chosen for the tertiary winding of transformer 260. In contrast, this property 
can be a problem in systems in which a matrix converter is used to drive a 
variable speed standard motor. 

[060] The voltage that is chosen for the tertiary windings of the 
transformer 260 is calculated in accordance with the desired speed range. For 
example, to achieve a dynamic speed range of ±30% around synchronous 
speed (i.e., maximum slip equals ±30%), the converter should be able to 
deliver an output voltage V r at the rotor terminals which satisfies the following 
equation: 



where s is the slip and is the standstill voltage at the rotor terminals when 
the stator is connected to the supply grid. 

[061] For example, when the standstill line-line voltage is 1 820 V, 
the rotor converter must be able to deliver a voltage of 546 V (1820 V x 0.3) to 



V r = s- Vro 



(8) 
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achieve a speed range of ± 30%. To achieve this voltage, the line-line voltage 
at the grid side of the matrix converter V& has to be 630 V (546 V/ 0.866). On 
the other hand, the voltage at the tertiary winding should not be higher than 
necessary because that would require an increase in the voltage ratings of the 
switches in the converter. Ideally, the peak voltage across the switch v w is: 

(9) 

[062] For a tertiary winding voltage of 630 V, the switch voltage 
ratings are 892 V. When safety factors are included, the switch voltage ratings 
should be at least 1200V. 

[063] In the full scale converter of Fig. 2A, the switches and the 
transformer have to be designed in accordance with the nominal stator 
voltage. No tertiary winding is present in transformer 260A. If the nominal 
voltage of the generator (stator) is V $g , the necessary nominal voltage at the 
secondary transformer winding is calculated to be \Z sg /0.866. For example, if 
the nominal generator line-line voltage is 690 V, the necessary transformer 
line-line voltage becomes 796 V. Ideally, the switches in the matrix converter 
would have to withstand 1 126V (796 V x 1 .414). When safety factors are 
incorporated to compensate for over voltage conditions at the grid and 
intrinsic transient voltages in the converter, the switches should be rated 
higher than 1200 V, i.e. 1400-1700V. The intrinsic voltage gain of the matrix 
converter also might be overcome by adjusting the generator winding ratio in 
order to lower Vro- 

2. Matrix Converter Architectures 

[064] Matrix converters 250 and 250A convert a fixed-frequency AC 
voltage into a variable-frequency AC voltage. Various architectures are 
available for a matrix converter used in a wind turbine consistent with the 
present invention. For example, in addition to the three-phase to three-phase 
matrix converters shown in Figs. 2 and 2A, the matrix converter can include 
any number of input phases or output phases, dependent on the system 
design. Further, the bidirectional switches in the matrix converter can be of 
any design that allows for force-commutated control. 



WO 01/91279 




CT/IB01/01123 



18 



[065] Figs. 3A-3E are examples of some of the different switching 
arrangements that can be used in a turbine consistent with the present 
invention. 

[066] Fig. 3A illustrates a diode-embedded bidirectional switch. The 
diode-embedded bidirectional switch acts as a true bidirectional switch. 
Nevertheless, the diode-embedded bidirectional switch is not preferred since 
it does not permit control of the current direction and also because the current 
conducting path involves three semiconductors per phase. The switches 
shown in Figs. 3B-3E can control the current direction, which is preferable in 
the phase commutations for the matrix converter. Also, a true bidirectional 
switch such as that described in U.S. Patent No. 5,977,569 (incorporated 
herein by reference) can be used. 

[067] Fig. 3B illustrates a common emitter bidirectional switch and 
Fig. 3C illustrates a common collector bidirectional switch. Presently, these 
are the bidirectional switches that are most commonly used in matrix 
converter applications. A major advantage of these switches is that they can 
control the current direction while the diodes ensure safe commutation 
between current reversals. Nevertheless, a drawback of the switches in Figs. 
3B and 3C is that they each use two semiconductors per phase in the current 
path. 

[068] Fig. 3D illustrates a reverse blocking NPT-IGBT (Non-Punch- 
Through -Insulated Gate-Bipolar-Transistor) bidirectional switch. The switch of 
Fig. 3D has only one semiconductor per phase in the current conducting path. 
As a result, the conduction line losses using this type of switch can be lower 
than the losses that occur with the switches shown in Figs. 3A-3C. Due to the 
lack of diodes, however, the switch of Fig. 3D does not have natural 
commutation properties. Consequently, there are difficulties in current 
reversals. The switch in Fig. 3D must be built from two NPT-IGBTs without 
anti parallel diodes so that the grid supply is not constantly short circuited. 
The switch in Fig. 3E is realized from a standard H-bridge module and 
becomes a parallel connection of a common emitter and a common collector 
configuration. For high power levels where the currents are so high that 
paralleling of bi-directional switches have to be used the configuration in Fig. 
3E might be the best solution. Using the H-bridge module, the current 
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direction is controllable, exactly as for the witch configuration in Fig. 3B-D and 
further, the anti parallel diodes ensure safe communications during current 
reversals. Referring to Fig. 3E, to allow a current from phase a to phase x, 
gate signals (high) should be impressed at gate s 2 and gate s 3 allowing a 
current path through T 2| D 4 and through D1T3. Similar, to allow a current flow 
from terminal x to terminal a, gate signals should be impressed at gate s 2 and 
gate s 4 , allowing a current path through D3T1 and through T 4 D 2 

[069] Given the engineering trade-offs identified above for a switch, a 
switch realized from the standard H-bridge module in Fig. 3E is preferred in 
the present invention because the H-bridge module is an existing technology 
and by using existing technology, the present invention is not tied to a 
particular manufacturer of a special module, thereby reducing the cost of the 
wind turbine component. For example, SEMIKRON manufactures intelligent 
H-bridge modules incorporating both protection, deadtime generation and 

insulated gate drivers. 

[070] Fig. 4 illustrates another way to reconfigure existing technology 
to produce a common collector bidirectional switch. Fig. 4 illustrates a pair of 
transistors 400 and 410 having diodes 420 and 430 connected in parallel 
between their emitters and collectors. Transistors 400 and 410 and diodes 
420 and 430 are typically encased in a package 440 referred to as a module. 
Module 440 provides external connections to the gate G1 , emitter E1 , and 
collector C1 of transistor 400 as well as the gate G2, emitter E2, and collector 
C2 of transistor 410. Connecting the external connections C1 and C2 together 
produces the common collector switch of Fig. 3C, while connecting E1 and E2 
produces a common emitter switch. A switching array of a matrix converter 
250 includes nine modules 440. EUPEC manufactures modules 
FF400R12KL4 and FF800R12KL4C, which can be used to produce the 
bidirectional switch of Fig. 4 (depending on the rated output power of the wind 
turbine). Table 1 illustrates characteristics of transistors that can be used in 
high-power wind turbine applications consistent with the present invention. 



Table 1 



850 kW 

FF400R12KL4 
Vces = 1200 V 
l c = 400 A 



2 MW 

FF800R12KL4C 
Vces = 1200 V 
l c = 800 A 
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l CRM = 800A I C rm = 1600A 

1 40 x 1 30mm 1 40 x 130mm 



[071] Figs. 5 and 6 illustrate another way to produce a bidirectional 
switch using existing technology. Three six-pack modules along with 9 dual 
pack additional diodes can be used to produce the nine bidirectional switches 
for a three phase to three phase matrix converter. Fig. 5 shows a six-pack 
module having six transistors 500, 505, 510, 515, 520, and 525, each having 
an associated diode 501 , 506, 51 1 , 516, 521 , or 526, respectively, connected 
in parallel between the emitter and collector of the corresponding transistor. 
The emitter E1 1 and collector C12 of transistors 500 and 505 are connected 
together inside module 530, as are emitter E21 and collector C22 of 
transistors 510 and 515 and emitter E31 and collector E32 of transistors 520 
and 525. 

[072] Fig. 6 shows a realization of one bidirectional switch for one of 
the portions in Fig. 5. By connecting a pair of diodes in parallel between the 
collector on one side of the module to the emitter on the other side of the 
module for a pair of transistors in the six pack. The input of the switch is the 
common emitter/collector connection of the six pack and the output of the 
switch is the node between the two external diodes. This bidirectional switch 
is neither a common collector switch nor a common emitter switch. Therefore, 
it requires a high number of insulated gate drives (for example, twelve for a 
three phase to three phase matrix converter). The common collector 
bidirectional switch of Fig. 4 is preferable to the Fig. 6 switch because it 
reduces the number of insulated gate drives to six and avoids the additional 
diodes. 

C. Architectural Operation 

[073] Figs. 7-9 illustrate operation of a control system for a wind 
turbine consistent with the present invention. While Figs. 7-9 focus on control 
of wind turbine 200 shown in Fig. 2, the control of wind turbine 200A shown in 
Fig. 2A can be derived from the following description. Fig. 7 illustrates a 
high-level view of a control system for the wind turbine consistent with the 
embodiment of Fig. 2. Fig. 9 illustrates the functionality of modulator 730 of 
Fig. 7. Modulator 730 of Fig. 7 includes commutation logic as shown in Fig. 9 
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at 930. Figs. 10 and 11 provide an example of the functionality of the 

commutation logic. 

[074] As shown in Fig. 7, a control system 700 outputs signals to 
control matrix converter 250. The control system can include a Digital Signal 
Processing Unit (DSP), for example, the TMS3200C32 made by Texas 
Instruments. To increase processing power, additional DSPs can be included 
and may operate independently or in a master/slave manner. Control system 
700 can also include components such as memory, input devices, output 
devices, a display, other user interfaces, and network connections to other 

computer systems. 

[075] Control system 700 is a power control system that controls the 
overall power of the wind turbine. Control system 700 does not directly control 
other parameters, such as generator torque. Nevertheless, to provide 
increased protection for the generator and wind turbine elements (such as the 
gearbox, not shown), control system 700 can be implemented as a torque 
control system. Examples of torque control systems are described in U.S. 
Patent Nos. 5,083,039, 5,225,712, 6,137,187 and PCT Application 
US99/07996. Additionally, the control can be implemented as direct torque 
control to achieve faster response time for the real power P and reactive 
power Q. In this regard, see DomeniCo Casadei et a!., "The Use of Matrix 
Converters in Direct Torque Control of Induction Machines," 2 IEEE Industrial 
Electronics Society 744-749 (1998) (incorporated by reference herein in its 
entirety). 

[076] The inputs to power control system 700 are desired amounts of 
total active power PMG_REF and reactive power QMG_REF. The desired 
amount of real power is based on the average power available in the wind at a 
given point in time. Various methods are available to estimate the amount of 
power available in the wind. For example, the estimate can be based on a 
direct measurement of wind speed or on a predicted wind speed, or on a 
combination of the above, as known to persons in the art. The desired amount 
of reactive power is not based on wind speed. Instead, the desired reactive 
power can be set to any level by the operator of the wind turbine. Also, the 
wind turbine can sense the power condition of the supply (utility grid) and 
determine the amount of reactive power needed to correct this condition. 
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Power in the wind can also be predicted based on knowledge about power 
delivered to the grid, speed of the generator and the pitch angle of the blades, 
but other ways to predict power in the wind are also possible. 

[077] The real and reactive power references PMG_REF and 
QMG_REF shown in Fig. 7 are compared to measured values of real and 
reactive power PMG and QMG of the wind turbine. The results of these 
comparisons are fed into a P and Q controller. The P and Q controller 
converts the results into reference commands for the direct and quadrature 
components of the rotor current, i rd _ re f and irq_ re f. Then, the reference signals 
for the direct and quadrature rotor currents are compared to measured values 
of the direct and quadrature rotor currents, i rc i and irq. The results of this 
comparison are fed into current controller 720, which produces the desired 
direct and quadrature rotor reference voltages u raJ ef and u r b_ref- 

[078] A more detailed control algorithm for determining u ra _ re f and 
u^f is shown in Fig. 8. One particular feature of the control algorithm shown 
in Fig. 8 is that it permits a sensorless determination of rotor position. It is 
important in a control system of a generator to detect the slip angle, i.e., the 
angle between the stator voltage vector and the rotor position. This is a 
relatively easy task using a grid angle, which is determined below, and a 
physical rotor position encoder. Nevertheless, such an encoder can decrease 
the reliability of the wind turbine. Further, maintenance of the encoder is 
required to ensure its accuracy. Fig. 8 selectively permits a rotor position 
sensorless mode of operation, in which the rotor position is determined from 
measured rotor currents. The elements between the inputs OMEGAG and 
OMEGAS and output SLIP on Fig. 8 are portions of the rotor position 
sensorless path, whereas the elements between the input RHOG_ENC and 
output SLIP are portions of a path employing a rotor position encoder. 

[079] Fig. 9 shows a modulator 730 implemented as a dedicated 
control circuit. Alternatively, modulator 730 could be integrated with controller 
720 and its processor. The function of modulator 730 is to turn on and off the 
appropriate switches inside the matrix converter at the appropriate times, i.e., 
to determine the duty cycles d a , dp, d Q , and d Y of the switches. In Fig. 9, rotor 
voltage references u ra _ref and u* ref are input from the current controller 720 of 
Fig. 7 to modulator 730, along with information about the angle of the grid 
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voltage derived from the three phase voltages of the supply grid voltages u a , 
u b and u c (or a direct input of the grid angle). A further input, which is set by 
the user, is the desired angle cpi. between the supply grid current and supply 
grid voltage, which is related to the desired power factor (coscpi) of the matrix 
converter. 

[080] In accordance with these inputs, angle and sector calculators 
900 compute commands used in duty cycle calculators 910 to determine the 
duty cycles for the switches of the matrix converter. Once the duty cycles d a , 
dp, d 6 , and d Y of the switches are calculated, PWM generator 920 computes 
nine gate signals for controlling the switches. Commutation logic 930 converts 
the nine gate signals into eighteen gate signals to control the bidirectional 
switches in the matrix converter. The logic 930 uses an input of the direction 
of the three rotor currents in order to achieve safe phase commutations, as 
discussed above. Phase commutations occur, for example, when rotor phase 
x has to be shifted from being connected to grid phase a to grid phase b. In 
addition, a shut down signal is input to modulator 730 to shut down the matrix 
converter in any failure situation (for example, over voltage, over current, or 

over temperature). 

[081] For the functionality of the matrix converter in the wind turbine 
of Fig. 2, it is desirable to input the supply voltage grid angle ft. While L. 
Zhang and C. Watthanasarn, "A Matrix Converter Excited Doubly-Fed 
Induction Machine as Wind Power Generator," EE Power Electronics and 
Variable Speed Drives 532-537 (1998) and "Application of a Matrix Converter 
for the Power Control of a Variable- Speed Wind-Turbine Driving a Doubly- 
Fed Induction Generator" (1997) (incorporated herein by reference in its 
entirety) describe a matrix converter for a doubly fed induction generating 
system, the main grid angle is merely a simulation variable. In the system 
illustrated herein in Fig. 2, the main grid angle is detected from 
measurements, even under unbalanced and distorted conditions, using a 
control algorithm. This algorithm is illustrated in Fig. 12. 

[082] In Fig. 1 2, the grid angle that is input to the modulator 730 of 
Fig. 9 is calculated using only the nominal main grid frequency u) g and the 
periodically appearing zero-crossings of the grid voltages u a , u b , and u c . In this 
regard, the grid side voltages u a , u b , and u c are input to the grid angle 
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calculator 1350 of Fig. 12. The voltages are passed through a low pass filter 
1300 to eliminate measurement noise and high-frequency transients 
appearing on the supply grid. The filtered supply grid voltages are then input 
to a zero crossing detector 1310. A phase-lock-loop (PLL) 1320 receives the 
output of zero crossing detector 1310 and, depending on which phase has 
crossed zero, outputs 0, 2tt/3 or -2tt/3. To compensate for the phase 
displacement through filter 1300, a linear correction factor 1/0 is incorporated 
into the algorithm. The error between the actual angle (output from PLL circuit 
plus correction) and the estimated angle, which is a feedback signal, is input 
to a Pl-controller 1330. The output from Pl-controller 1330 is added to the 
nominal angular frequency of the main grid u) g and provided to integrator 
1340. Integrating on the corrected angular frequency gives a phase angle, 
which is fed back to Pl-controller 1330. 

[083] The system described by Zhang and Watthanasarn provides 
only simulation results and therefore does not realize many of the problems 
that have to be faced when an implementation is attempted, such as the use 
of protection circuits, voltage gradient limiting circuits, and sensorless 
operation. In the system, there is no implementation of adjusting the generator 
winding ratio or the voltage at the input side of the matrix converter to 
overcome the inherent voltage gain transfer ratio of the matrix converter. 
There is also no consideration of the control of the total (sum of the stator and 
rotor power) active power and reactive power, thereby preventing the system 
from achieving full control of active and reactive power. Further, the system 
described by Zhang and Watthanasarn can not use circulating reactive power 
(because only stator quantities are controlled) to increase the rotor currents 
and thereby improving the position sensorless control at light loads. 

[084] In sum, since control system 700 controls the matrix converter 
250, rather than both the AC to DC converter 151 and the DC to AC converter 
1 54 of Fig. 1 , the control of wind turbine 200 is more efficient than the control 
of wind turbine 100, which employs a DC link 152. 

[085] Referring to Figs. 1 0 and 1 1 , Fig. 1 0 is a schematic diagram of 
six switches and six diodes for a single output phase of the matrix converter in 
power converter 250. Each switch has a gate (not shown in Fig. 10) receiving 
a gate signal for turning the switch on or off. Commutation logic 930 controls 
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the switches by sending a respective gate signal to each of the six gates, as 
well as the respective 12 gate signals for the other two phases. These 
eighteen gate signals thus control the matrix converter in power converter 
250. When an ASIC is employed to handle phase commutations, the DSP will 
control less gate signals, e.g., just nine gate signals. 

[086] One or more logic devices, such as an application specific 
integrated circuit (ASIC), can be used to reduce the processing burden on a 
DSP in control system 700. For example, an ASIC that handles phase 
commutations can reduce the number of gate signals of the matrix converter 
to be controlled. Phase commutation can be explained with reference to Figs. 
10 and 1 1 . The current i 0 of generator phase x is positive in accordance with 
the direction in Fig. 10 and drawn from grid phase "a", i.e. switch S a i is on and 
conducting and switch S a2 is on and non-conducting (reverse biased). At 
some point in time, the modulator of Fig. 7 demands a new voltage vector to 
be applied on the rotor. For example, the modulator can command generator 
phase "x" be connected to grid phase "b" instead of grid phase "a." In order to 
avoid short circuiting the grid and to prevent instantaneously bringing the 
inductive generator current to zero (which would each damage the matrix 
converter), a safe phase commutation procedure has to be followed to shift 
(commutate) from grid phase "a" to grid phase "b." Fig. 1 1 illustrates a safe 
commutation procedure. The safe commutation provides a proper switching 
sequence. For example, the modulator orders a shift from switch state 
1 1-00-00 to switch state 00-1 1-00. Accordingly, switch Sa2, which is 
non-conducting, should be turned off bringing the switch state to 10-00-00 
(this is a soft switching since the current through the switch is zero and the 
voltage across the switch is almost zero). Next, the switch S b1 is turned on 
and the switch state becomes 10-10-00 (If the voltage in grid phase "a" is 
higher than the voltage in grid phase "b" at the switching instant, the turn on of 
switch S b i becomes a soft turn-on, otherwise it is a hard turn-on). Next, the 
switch S.1 is turned off and the switch state becomes 00-10-00 (If the voltage 
of grid phase "b" is higher than grid phase "a" at the switching instant, the 
turn-off of switch S a1 becomes a soft turn-off, otherwise it is a hard turn-off). 
Finally, to complete the commutation procedure, switch S b 2 is turned on 
(which becomes a soft turn on). 
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[087] Fig 1 1 illustrates a four step algorithm for commutatmg 
switches between two arbitrary input phases and an output. The algorithm of 
Fig 11 allows the matrix converted use switches thatdo not have infmrte 
switching times. If a special algorithm is not used, commutation between two 
input phases could result in a violation of the two basic control rules of a 
matrix converter: (1 ) a matrix converter is not allowed to make a short chut 
to the supply grid, and (2) a matrix converter must always provide a current 
path for inductive generator current. Various commutation strategies have 
been proposed for a matrix converter, and the present invention can be 

implemented with any of these strategies. For example, R. R Beasar* et a.., 
"An Approach to Realization of a High Power Venturini Converter" 1 1EEE 
Power Electronics Specialists Conference 291-297 (June 11, 1990), Nandor 
Burany "Safe Control of Four-Quadrant Switches" 1 IEEE Industrial 
Application Society Annua. Meeting 1190 (Oct. 1-5, 1989), Jung GXho and 
Gyu H Cho, "Soft Switched Matrix Converter for High Frequency D.rect AC-to 
AC Power Conversion" 4 EPE 4th European Conference on Power 
Electronics and Application 196-201 (1991), H. L Hey, et a.., "A New 
Soft-Switching AC-AC Matrix Converter, with a Single Actived Commu^on 
Auxiliary Circuit" 2 IEEE Power Electronics Specialists Conference 965-970 
(June 18-22, 1995), B. H. Kwon, et al., "Novel Commutation Techn.que of 
AC-AC Converters" 145 lEE Proceedings on Electronic Power Applicat.on 
295-300 (July 1998), and Charies L. Neft and Colin D. Schauder, "Theory and 
Design of a 30-HP Matrix Converter" IEEE Industrial Application Society 
Annual Meeting 248-253 (1988) all describe commutation strateg.es for a 
matrix converter, and each is incorporated herein by reference. 

[088] R RBeasant, et al. and Charies L. Neft describe the simplest 
commutation strategies, but these strategies do not comply with the basic 
control rules. Nandor Burany and B. H. Kwon each describe strateg.es to 
reduce switching losses by making half of the switching become soft 
switching. The strategies of Jung G. Cho and H.L Hey require a more 
complex hardware structure for the matrix converter. 

[089] Fig. 1 1 shows a preferred commutation strategy consistent w.th 
the present invention. When the desired current i 0 is positive, the switching 
states shown in the left half of Fig. 1 1 are entered. When the desired current , 0 
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is negative, the setting sto.es in the dgh. hatf ere entered. The swWring 
statTin the shadowed boxes are —a, states while the swrtctong etotes 
in the white boxes are the stationary stetes. 

,0 9 o, For example, current U oan be drawn tarn input phase a ,n one 
condiUon in this stationary state, both switohes S„ and S E are turned on , 
rr^onary swfch state is 1 1-00-0, « an arbtoary time, hav ,ng poa^ 
lent U according to Fig. 8, the modulator demands a oommuta,on from 
Z PH aa a to input phase b. According to Fig. 12, «- -»«^ 
slh S , is turned offend then the switch state is 10-0CM10. Then, S„, ,s 
Id « li -Put Phaae b is abie to condu* the current. The swifch a«e ,s 
Ho. Then, swnch S., turns of, and ft. ia finally tomed on to complete 
the four-atep commutation procedure. 

,091] Based on this framewo* of how swashing occurs, modulator 
730 creates aWnching commands based on voltoge «-« M «* 
Ult m venous modulate sfrategies are known. These strategies can be 
«ed into five categories: (1 ) toe direct transfer function, (2, the indira* 
21 htnchon, (3, cardet-based modulate, (4) space vector modulahon, 
and (5) indirect space vecto, modulation. 

092, Marco Ventudni, "A New Sine Wave In, Sine Wave Out 
Convex Technique Eliminates Reactive Bemento" P ^ 
E3 15 (1980) (incorporated herain by ,eference) descnbes a d,rect transfer 

apprlcH. Moduiatton is based on sowing the magnate us,ng a 
sinusoidal reference for the input cu,rant and me output wxtege. Ths 
a 2c however, resale* .he oulpu. v*ge to 0.5 «*tes me input voltage 
TheX transfer raho can he increased to 0.888 «mes fhe input voUage by 
Zm a barmen* component to toe output reference vonage. See Albert 
line end Mareo Veetunni, "Intonslc AmplKudes and Optimum Des,gn of 
Dire ct PWM AC-AC Converters" IEEE Power Electoonice Specie sfe 
Conference 1284-1291 (1988) (instated herain by reference). Wh le toe 
«ot transfer funcUon approach inoorpora.es many desirable proposes, ,e., 
Hum vonage transfe, ra.io, sinusoida, InpuVoutpu,. and ad,usfebfe power 
.actor toe fonmulas for the computote of du* cycles ate compl,ca.ed and 
require consWerable oomputotional powerto achieve real hme 

... o.i 7h„no and C Watthanasam, "An Efficient Space 
Implementation. See L. Zhang ana ^. »■» 
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Vector Modulation Algorithm for AC-AC Matrix Converters" IEE Power 
Electronics and Variable Speed Drives 108-1 13, (Sept. 21-25, 1996) 
(incorporated herein by reference). In addition, the switching losses 
associated with this method are relatively high due to a high number of swrtch 
commutations per switching cycle. See C. Watthanasam et al., "Analysis and 
DSP-Based Implementation of Modulation Algorithms for AC-AC Matrix 
Converters" 2 IEEE Power Electronics Specialists Conf. 1053-1058 (June 21- 
27 1996) (incorporated herein by reference). 

[093] Y. Kim and M. Ehsani, "Control of Force-Commutated Direct 
Frequency Changers" IEEE Industrial Application Society Annual Meeting 
1 163 -1 170 (1990) (incorporated herein by reference) and Charles L. Neft and 
Colin D. Schauder, 'Theory and Design of a 30-HP Matrix Converter" IEEE 
Industrial Application Society Annua. Meeting 248-253 (1988) (incorporated 
herein by reference) each describe an indirect transfer function approach. In 
this approach, the matrix converter is theoretically separated into a rectifier 
part and an inversion part, which are modulated separately. Compared to the 
direct transfer function approach, the indirect transfer function approach 
requires less computational power. See L. Huber and D. Borojevic, "Space 
Vector Modulated Three-Phase to Three-Phase Matrix Converter with Input 
Power Factor Correction" 31 IEEE transactions on industry applications. No. 
6, 1234-1246 (Nov./Dec. 1995) (incorporated herein by reference). 

[094] Y. Kim and M. Ehsani, "New Modulation Methods for 
Force-Commutated Direct Frequency Changers" IEEE Power Electronics 
Specialists Conference 798-809 (1989) (incorporated herein by reference) 
and J Oyama et al., "Effect of PWM Pulse Number on Matrix Converter 
Characteristics" 2 IEEE Power Electronics Specialists Conference 1306-131 1 
(June 23-27, 1996) (incorporated herein by reference) each describe a 
carrier-based modulation approach. From applications in modulation of 
conventional converters, carrier-based modulation was adapted for use in 
matrix converters. Implementations can mainly focus on modulation of the 
output voltage to provide relatively simple modulation, or can also include 

modulation of the input current. 

[095] D. G. Holmes and T. A. Lipo, "Implementation of a Controlled 
Rectifier Using AC-AC Matrix Converter Theory" IEEE Power Electronics 
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Specialists Conference 353-359 (1989) (incorporated herein by reference) P. 
NWsen D. Cesadei, G. Sena and A. Tani. -Evaluation of the Input Current 
Quality by Three Different Modulation Strategies for SVM Controlled Matrix 
Converters with Inpu, Voltage Unbalance" 2 IEEE Intemadona, Coherence on 
Power ElecUonics, Drives and Energy Systems for Indusbtal Growth^794-800 
(Jan 1996) (inco^orated herein by reference), and D. O. Neascu, Theory 
and Design o, a Space-Vector Modulator ror ACAC Mat* Convene, 
European Transactions on Electrical Power Engineering No. 4, 285-290 
( JU ,y,Aug. 1995) (incorporeled herein by reference) describe space vector 
ovulation. Both the space vector modulation approach and the ,nd,rert 
space vector modulate approach only use stationery vectors. The stationary 
vectors corrospond .0 switeh ^nations where a. leas, two of the generator 
phases are connected to one grid phase. 

,0961 LazlbHuber and DusanBoroievic, "Space Vector Modulahon 

with Unity input Power Factor for Forced Commutated Cydoconvertere" IEEE 
lauLVplication Society Annua, Meedng 1032-104, ,1991, (incorporated 
herein by reference) describe indirect space vector modulation, as did L. 
Huber and Borojevic, eupra, and D.O. Neascu, supra. In one sense, ,nd,red 
space vector modulaUon is (he combination of principles from the indirect 
UansferfuncUon approach with principles from space vector modulate. In 
indirect space vector modulation, SVM is performed indMdually for 
reottfloelion and invereton. In space vector modulation, me number of 
switchings is preferably op«mlzed to eohieve lower swMng 
Nielsen and F. Blaabjerg and J. K. Pederoen; 'Space vector modulated matnx 
converter with minimized number of swKchings and a feedforward 
oompensadon of input voltage unbalance" IEEE international conference , „ 
power electronioe, drives and energy systems for industrial growth, Vol. 2, pp. 
833-839, January, 1996. 

are Interfac e and I . _ 

[0971 Figure 14 illustrates implementing control system 700 using 
various analog and digital signa.s. The analog signals should include three 
measurements of the supply grid voltage (1 2 bit) 1410, three measurements 
of the rotor phase current (12 bit) 1420, and three measurements of the 
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supply grid current (12 bit) 1430. Tha digital sign* include eighteen over 
leproleodon signals 1440. efchleen overcame* ^ 

„1 Panels (only nine from the microprocessor when en ASIC ,s used) 1450, 
ro«Z l460 end afeedbacK sfcna, 1465 used in coupling me , -» 

itS* * - * - * — - » — r "lilT 

. ona , ^ the Y A converter 1475, end digital encoder s,gnels 1480. 
8 9 flD98] As a reference, tor a 850 k W system, a nomine, rolor curren, 
can be 300 A. For a 2 MW system, «he roter curren, can he 800 , A. A. each d 
Ise power levels, me nominal roter voltage a, 100% slip can be 1850 V. The 
IClnt and over voltage protection signals should he deeded to he 

Te a" accordance «h these values. O, course, Ihese values are only 

TmL and me values wou!d va* for different generator consaocbons. 

6 ' 1 Due te .he remove, o, a DC* from are present Invention. 

th ere I no decoupling between me inpu, and ourtpu, o, fhe matrix converter. In 
esigns, mis is no, a problem. In me case o, unbalanced or d*rted 

Z ~ (or unbalanced loads,, however, me Input ^ - * 
o : tpu , voltege w„, be distorted. Several papers have dee 

Usance- 1IEEE Internal Conference on ,ndus« 0 e*n,ce, Coubo, 
and Insbumentetion 457-462 (Nov. 9-14, 1995), D. Casade,. e, a, 
Crmanca o, SVM Con.rol.ed Malrix Converter w*h Inpu, and CXrtpu, 

Unbalanced Conditions" 2 EPE 6th European Conference on Power 
Unbalanced Co ^ w D. Casade,, a, el., 

Electtonics and Applications 02° »<■ i r 

"A Genera, Approach for ,he Analysis o, ma Inpu, Power *-* » 
Converted 2 IEEE Power Beetles Specialist, Confere nee 2*1 34 
, , „ O! 97 1996) P Enjeti and X. Wang, "A Critical Evaluation of 
(June 21-27, 1996) P. En, converters (FFCs) under 

Harmonics Generated by Forced commurerau y 1182 . 118 6 
Unbalance" IEEE Industrial Application Society Annua, Meeting 1162 1 66 
< 199 0), Peter Nie,sen, The Ma* Converter for an induction Meter Dnve. 
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Ph D thesis, Aalborg University (August 1996), Nielsen et al., supra, Jun 
Oyama et al., "Displacement Angle Control of Matrix Converter 2 IEEE Power 
Electronics Specialists Conference 1033-1039 (June 22-27, 1997), and L 
Zhang et al. "Analysis and Comparison of Control Techniques for AC-AC 
Matrix Converters" 145 1 EE Proceedings on Electronic Power A PP licat,on 
284-294 (July 1998) describe strategies with various engineering trade-offs 
(input disturbance, line losses, controllabilrty of the input power factor, etc.). 

[0100] The wind turbines discussed above also provide protection to 
the matrix converter in fault situations. The snubber circuit 1710 is described 
in Nielsen, supra. Fig. 13 illustrates a configuration to protect matrix converter 

250. . - f 

[0101] The protection of the matrix converter consists of a rotor circuit 

clamp 1700 and a snubber circuit 1710. The snubber 1710 acts as a diode 
Camp circuit actoss the matrix converter. This snubber performs Mo different 
functions, in normal operation, snubber 1710 clamps any over vokages 
across the switches in the matrix converter. Over voltages typically are 
caused by current changes acress the leakage inductances of the power 
switch matrtx during commutation. When the matrix converter receives an 
error signal, ail the switches in the matrtx converter are turned off. This action 
violates one of the basic control rules of the matrix converter, by Interrupt^ 
the inductive generator current If no current path is provided for this induct™ 
cunent. the voltage acmss me swtehes in me mat™ converter increases and 
the converter will be damaged. By inserting the diode snubber clamp, the 
diodes ptovide an alternative current path. Therefore, in a fault situation, the 
damp circuit or snubbar perfotms the addftiona! function of absorbing the 
anew in the leakage Inductances of the rotor circuit and the anew in the 
rotor filter. 

[0102) Circuit 1720 in Fig. 13 can be designed as two d,ode badges 
sharing a minor common capacitor 1730. After grid connection of the 
converter, capacitor 1730 is charged to the rectified grid voltage. Also, dunng 
grid failure, the voltage across the rotor windings can be high, causing 
damaging currents and voltages for the man* converter. To prevent damage 
to the matrix converter, an over voHage protean drcul. (OVP) 1700 acta as 
a rotor voltage clamp. In case of a grid failure, the switch (shown as thynstor 
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1710 in Fig. 1 3) *mps the rotor -age - to — * ~£T p 
Ihe supply grid, and the rotor currents are zero. Papers, such as P, MA 
1Z I K. Pedersen, -Move, solubons lor P~«— r 
,o ihree phase inducbon machine" IEEE 

^7-1464 (1M7X have dealt with the problems of retaining control after a 

Ir disLnoe, hu, have not discussed protecting mam, convener 
in doubly fed induction generating system from over voteges. 

,0,03, This entire protection circuit requires inclusion of eighteen 
additional diodes, DC-linK capacitor 1730. and swkch 1710. The DOM 

wind turbine, since this DC-link capacitor is much smaller then the DM* 

used as e power supply for the controller of the rnatn* converter W 
Zr grid distance, «re DC-link capa*r can be energced from M 

ZZ — * •» «■»-» * mawa,n * e ron,ro ' ter c,rcu 1 

Z in Pig. 13, and when Ibe grid disturbance ends, .he maUec com**, 
w ,„ be able to resume contra, of the generator. This back up of the controller 
fo remalrtxconverterenablestheconlrallerlooperalelhegenerate 

Charter a dislurtrance has ended. This is an important feature for a 
grid connected wind turbine. 
D. Conclusion 

,01041 Wind turbines using matrix converters are described above. 
These wind turbines operate at high power and can pmvide ratable 
alternatives to fossil fuel generation of electricity lor e utility grid. 

,01 05] While there has been illusfrated and described wha. era a. 
orasen, considered to be a preferred implementation and method of the 

T„ Lntlon it will be understood by those skilled in the art that venous 
present invention, it win substituted 
changes and modifications may be made, and equivalents may 

cnange«<» >„„«,,,tiiiescooeoftheinvenuon. 
for elements thereof, without departing from the Into scop 

Modfficauons may be made to adapt a particular element, 
Implementation to the teachings o, the present Invention wtftout deporting 
from the spirit of the invention. 
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,01 06] Also, me foregoing descriplion is besed on e client-server 
arohitec^re. butthose skilled in .he artwii, recognize that a P-*** 

h«Lre may be used consistent with the invenUon. Moreover, although 
SI mentabon »— hardware and sof^, the invents 
« Tmple fed in hardwa* or sofbvare .one. Add«iona,,y, aKhough 
Ti le Pre sent invenbon are described as being stored in the memory 
fa mLproceseor system, one s»d in the ad - eppreotab ,»* *ese 
aspects can aiso be stored on other types o, «**-?^* f 
as secondary storage devices (e.g.. hard disKs, floppy d,sKs. CD-ROM), a 
oartarwavefromthelntemeterotherformsofRAMorROM. 

[0107, Olheremb^imenteofmeinvenflonwillbeapparentto hose 

aKiiled in me ad torn consideration of «ne specfficanon and practice of the 
- diseased he.,, ,. is intended matthe ape— an = te 
be considered as exempiary only, v* a tare scope and spmt of the mvenhon 
being indicated by the following claims. 



ft. 
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1 A variable speed wind turbine comprising: 
a turbine rotor including at least one blade mounted to a rotatable 

turbine shaft; 

a doubly-fed induction generator having a stator and a rotor coupled to 

the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements; 

a matrix converter control unit to control the switching elements; and 

a voltage gradient limiting circuit located between the matrix converter 

and the generator rotor. 

2. A turbine according to claim 1 , wherein the voltage grad.ent 

limiting circuit includes an inductance. 

3. A turbine according to claim 1 , wherein the voltage grad.ent 

limiting circuit includes an inductance capacitor filter. 

4. A turbine according to claim 1 , including a transformer wrth at 
least three windings including a tertiary winding; and 

means for adjusting voltage at the tertiary winding, wherein a rafio of 
the input potential to the output potential is greater than 0.866. 

5 A turbine according to claim 1 , including a generator wrth a 
winding ratio; and means for adjusting the winding ratio of the generator 
wherein a reduced matrix converter gain is overcome, wherein a rafio of the 
input potential to the output potential is greater than 0.866 and whereby a 
current rating of the switching elements is increased. 

6. A turbine according to claim 1 , having a protection circurt for 
protecting the matrix converter against over voltages. 

7 A turbine according to claim 1 , having a protection crcurt for 
protecting the matrix converter against over voltages and for retaining control 

after a grid disruption. 

8 . A turbine according to claim 1 , having means for posrton 

sensorless detection of the position of said turbine rotor. 

9. A turbine according to claim 8, further including the 
measurement of the current of said rotor. 
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1a A turbine according to claim 8, furthar including tha circulatron of 
rea ctive power. ^ ^ ^ ^ ^ ^ < ^ for 

circulating reactive energy. 

12 A turbine according to claim 1 , having a power controller for 
conbolling me power factor of the tureine wWrou. impeding me circulation of 
reactive power. ^ ^ ^ i ^ ^ ^ - sa|d 

switching elementa comprises a standard H-Bridge module. 

14 Atureineaccoreingtodaimt.wherelnsaidstatorfcrther 

Indudes a stater winding means for shining between a Y-connec«on and a A- 
• ™T A.urbineacco^ing.oc.aiml.whichfurtherincludesameans 

for the facilitating the active damping of current harmonics. 

« A Line according to daim 1 . which further includes a meane 

torfacilitatingthe adive damping of resultant drive-train osculations. 
17 A variable speed wind turbine, comprising: 
a turbine rotor including at least one blade mounted to a ratatable 

"""Tdlly-fed inducbon generator having a s«or and a rotor coupied to 
the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements, the matnx 
converter having an input potential and an output potenfal; 

Tmatnx converter contro. unit for controiiing the switching elements; 

a transformer having at least three windings including a tert,ary 

^"11 for adjusting voltage at the tertiary winding, wherein a ratio of 
the input potential to the output potential is greater than 0.866. 

18 A turbine according to claim 17, having a voltage grad.ent 
Siting circuit located between the matrix converter and the generator rotor. 

19 . A voltage gradient limiting circuit of claim 18, where.n the 
voltage gradient limiting circuit includes an inductance. 

20 A voltage gradient limiting circuit of claim 1 8, where.n the 
voltage gradient limiting circuit includes an inductance capacitor filter. 
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21 A turbine according to claim 17, including a generator with a 
winding ratio; and maans for adiu^ng me winding ratio of are generator 
where* a reduced matrix converter gain ia overcome, wherein a rate of me 
IpZlda, to the outpul po,en,« . greater lhan 0.B66 and whereby a 
current rating of the switching elements is increased. 

22. A turbine according to claim 17, having a protection crcutt for 
protecting the matrix converter against over voltages. 

23 A turbine according to claim 17, having a protect.cn crcurt for 



after a grid disruption. 



24. A turbine of claim 17, having means for position sensorless 
detection of the position of said turbine rotor. 

25. A turbine according to claim 24, further includ.ng the 

mofl4l .rpment of the current of said rotor. 

T A turbine according to daim 24, further induding me drculahon 

°' " t Time acting to daim 17. having a power controller for 

circulating reactive energy. 

28 A turbine according to claim 17, having a pow 

controlling me power factor ofthe turbine without impacting me circulatton of 

T" A turbine according to dalm 17, wheteln at leas, one of aaid 

aching elements compdaea a standard H-Bndge "»**• 

30 Aturbineaccordingtoclaimiy.wherainsaHletatorfurther 

includes a atator winding means tor sh«lng b^een a Y-oonnacaen end a A- 

"T A mrbine according to dalm 17, whidt further indudes a means 
for me facilitating the active damping of current harmonica , 

32 At u*inaeo=ording1o17,v* te hfurmerinoludeaamaansfor 

MMM me acuve damping of resultant drive-train oscillations. 

33 A variable speed wind turbine, comprising: 

a turbine rotor induding at least one blade mounted to a rotatable 

turbine shaft; 
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. doubly-fed induct generate? having a staler and a rotor coupled to 
me turbine shaft for rotation fherewHh, the generator having a windrng rate, 
a matrix oonvertar including an array of switching elements; 
a mat* converter control unit to control the switching elements; and 
me ana for adjusting me winding ratio of me generator wherem a 
reduced matrix converter gain is overcome, wherein a raft, of the ,nput 
ZZ to the output potenha, is greafer than 0,66 and wbereby a current 
ratinq of the switching elements is increased. 

34 A turbine according to claim 33, having a voltage gradren. 
Mh, ciroui. located beb»een the matnx converter and *e generator rotor. 

35. A voltage gradient limiting circuit of claim 34, wherein the 
voltage gradient limiting circuit includes an inductance. 

36 A voltege gradient limiting circuit of daim 34, where, the 
voltage gradient limiting circuK includes an Inductance capacte filter. 

9 37. A turbine accoroing to daim 33, induding a transformer wdh at 
te » s t three windings induding a tertiary winding; and 

lane for adding vohage a. the terfary winding, wherein a rate o, 
the input potential to the output potential la greater than 0.866 

38 A turbine accoroing to daim 33, having a protecaon crrcua for 
protecting the matrix converter against over voltagea. 
P 39 A turbine accoroing to Calm 33, having a protect crcua for 
protecting the matrtx converter against over voltages and for retaining control 

* ' Tfu!L o, daim 33. having means tbr po*n sensodeas 
detection of the position of said turbine rotor. 

41 . A turbine according to daim 40, further mdudtng the 

measurement of the current of said rotor. 

42 A turbine according to ciaim 40, further induding the circu.ation 

of reactive power. w for 

43. A turbine according to claim <w, navmy * p 

circulating reactive energy. power collier for 

44 A turbine according to claim <w , navmy a h 
controlling the power fader of me turbine wKhou. impeding the drculauon of 

reactive power. 
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45 A turbine according to claim 33. wherein at least one of serf 

.dudes a stator Ending means for sh W ng between a Y-connecbon and a A- 

"T A turbine according to daim 33, wbicb further includes a means 

. , «,„ farilitatina the active damping of current harmonics. 

for m « ^ ^ to ^ ^ farther indudes , means for 

MM, the aCive damping o, recant drive-train osdllatlons. 
49 A variable speed wind turbine, composing. 

• ""ly-fed induct generator having a stater aod a rotor coupled to 
the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements, 

a 71 converter control un« to conbo, me swMng element and 

V * B " 0 A furbine according to ctaim 49, having a voltage gradient 
, imiUng Li. located between fhe matrix converter and the generator -tor. 

M ■ A voltage gradient limiting circuit of claim 50, wherein the 
voltage gradient limiting circuit includes an Inductance. 

52. A vonage gradient limibng circuit o, claim 50. where^e 

53 A turbine according to claim 49, including 
least three windings including a tertiary winding; and 

means for adjusting voltage a. the tertiary winding, wherein a rate of 

*. input potential to the output potential is greater man 0.866. 

54 A turbine acting to dalm 49. including a generator «h a 
ending ratio; and means for acting me winding ratio o, me general 
II a reduced matrix converter gain is overcome, wherein a ratio of tire 
r^Totenfial <o me output potenbal is greater than 0,66 and whereby a 
current rating of the switching elements is increased. 
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55 A torbine according to daim 49, having a proton circuit for 
proto* *e u-x — against over voftages and for « control 

~ 3 ? Tfota ot .aim 49, ha.ng means for posftton sansoHass 

of reactive power. , |er for 

59 . A turbine according to claim 49, naving a v» 

draU 'r r C:— 9 to dalm 4, having a power controller for 
^ng^ower.aotoro.tHeto^^^ng-— no, 

T""a turbine accenting to daim 49, wherein a, ieas, one o, said 

62 . Aiurun hpfeween a Y-connection and a A- 

includes a stator winding means for sh.ft.ng between 

connection. jnc|udes a mea ns 

63 A turbine according to claim 4a , wmo. 
f r fhP facilitating the active damping of current harmonics. 

^ 64 A Line according to 49. which further inCudes a means for 
facilitating the active damping of resultant drive-train oscillations. 
65 A variable speed wind turbine, comprising: 
a turbine rotor including at least one blade mounted to a rotatable 

^Tdl,fed induction generator having a stator and a rotor coupled to 

the turbine shaft for rotation therewith; 

amatdxcenvanerinciuainganarmvotswnchingeieme^ 

a mat* converter centra, unit to controi the swrtchrng 4mM 
a protection circuit for protect ma matrix cenvertor agarns. over 

voltages and for retaining control after a grid disruption. 

66 A turbine accenting to daim 65, having a voltage gradrent 

lHa „ 0 clrouft located between ftre maftix convener and the generator rotor. 
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67. A voltage gradient limitinTcircuit of claim 66, wherein the 
voltage gradient limiting circuit includes an inductance. 

68 Avoltagegradient.im-rtingcircuitofc.aim66,where,nthe 

voltage gradient Hmiting circuit includes an inductance capacitor f .Iter. 

69. Aturbineaccordingtoclaim65Jncludingatran S formerw,that 

least three windings including a tertiary winding; and 

means for adjusting voltage at the tertiary winding, where, a rat,o of 
the input potential to the output potential is greater than 0.866. 

70 A turbine according to claim 65, including a generator w,th a 
winding ratio; and means for adjusting the winding ratio of the generator 
Therein a reduced matrix converter gain is overcome, where.n a rafo of the 
IpZentia. to the output potential is greater than 0,66 and whereby a 
current rating of the switching e.ements is increased. 

71 . A turbine according to claim 65, having a protect™ crcurt for 
protecting the matrix converter against over voltages. 

72 A turbine of claim 65, having means for position sensorless 
detection of the position of said turbine rotor. 

73. A turbine according to claim 72, further .nclud.ng the 

mPAsurement of the current of said rotor. 

74 A turbine according to ciaim 72, torther inducing the crculaton 

* reactive power^ ^ ^ ^ ^ ^ g ^ ^ for 

^ , o dajm 65 , , avlng . _ ^ tor 

controlling the power toctor of ftre turbine wfthout impact the circuit of 

"Ta turfine according to Cain, 65. herein a, ieast one o, said 
swHching dements comprises a stands* H-Bndge module. 

78 A turbine according to claim 65, wherein said stator further 
indudes a stator winding means tor shifting between a Y-connection and a A- 

°T A turbine according to daim 65, which further indudes a means 
for the facilitating the active damping of current harmonica. 
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80 A turbine acceding to 65, which further includes a meane for 
faceting the active damping of result dnve-«rain oscillattons. 

81 A variable speed wind turbine, compnsing: 

a turbine rotor including a. least one blade mounted to a rotatable 

^'Tdlv-fed tortus generator having a stotor and a rotor coupled to 

the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements; 

a matrix converter control unit to control the switching elements; and 

Jans for posKion sensoness detection of the position of said turb,ne 

r ° t0r ' 82 A turbine according to claim 81 , further including the 

" rea t TLne according to Cain, 81 , having a v*ge gradien, 
Wng circuit located between me matrix converter and me generator rotor. 

85 A voltage gradient llmifing circuit of claim 84, wherem the 
voltage gradient limiting circuit includes an inductance. 

86 A voltage gradient limiung circuit of claim 84, wherem the 
voltage gradien. limiting circuit includes an inductance 

87. A turbine according to daim 81 , including a transformer wrth a. 
toast three windings including a tertiary winding; and 

Tana for Liusbng voHage a. me tertian wmding, where, a rabo of 

the input potential to the output potential is greater than 0.866. 

88 AturbineaccordingtodaimSUndudlngageneratorwrtha 

winding ratio; and means for adiusbng *e Ending rat, of generator 
wherein a reduced matrix converter gain is overcome, wHerem a rat* of *e 
^potential to «,e output potential is greater .ban 0.866 and whereby a 

current rating of the switching elements is increased. 

89 A turbine according to claim 81 , having a protecbon crcurt for 

protecting the matrix converter against over voltages. 
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90 A turbine according to claim 81 , having a protection circuit for 
protecting the ma* converter against over voyages and for retaining con.ro, 

after a arid disruption. 

91 . A turbine according to claim 81 , having a power controller for 

circulating reactive energy. _ trnl .~ r w 

92 A turbine according to claim 81 , having a power controller for 
controlling the power factor of the turbine without impacting the circulation of 

reactive power. , . . 

93 A turbine according to claim 81 , therein at least one of sa,d 

switching elements composes a standard H-Bridge module. 

94 AturbineaccordingtociaimSl.whareinseidstetormrther 

lnc ,udes a stater winding means for shMng between a Y-connect,on and a A- 

"T A turbine according to claim 81 , which fcrther Modes a means 
for the facilitating the active demping of current harmonics. 

96 A turbine according to 81 , which further rndudes a means for 
tacilftating the active damping of resultant drtve-train oscillations. 

97 A variable speed wind turbine, composing: 

a turbine rotor including at least one blade mounted to a mtatable 

^Tdlly-fed inducaon generator having a sfclor and a rotor coupled to 

the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements; 
a matrix converter control unit to control the switching elements; and 
a power controller for circulating reactive energy. 
98 A turbine according to claim 97, having a voltage grad.ent 
Siting circuit .ocated between the matrix converter and the 

99. A voltage gradient limiting circuit of claim 98, wherem the 
voltage gradient limiting circuit includes an inductance. 

1 00 A voltage gradient limiting circuit of claim 98, where.n the 
voltage gradient limtting circuit includes an inductance capacitor filter. 

101 . A turbine according to claim 97, including a transformer wrth at 
least three windings including a tertiary winding; and 
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^ans for adjusting voltoge at me tertiary winding, wherein a ratio of 
the input potential to the output potential is greater than 0.866. 

1( B A turbine according to claim 97, including a generator w* a 
winding ratio; and means for acting me winding ratio of me generator 
Irein a reduced matrix converter gain is overcome, where, aretioo, ,he 
^potential to the outpu. potential is greater than 0.866 and whereby a 
current rating of the switching elements is increased. 

,» A turbine according to daim 97, having a prelection circuit for 
protecting the matrix converter against over voltages. 

W A turbine according to claim 97, having a protechon ciioutt for 
protecting rite matrix converter agains. over voices and for retaining control 

^ ' ClCme o, daim 97, having means for pos«on sensortess 
detection of the position of said turbine rotor. 

106. A turbine according to claim 105, farther including the 
measurement of the current of said rotor. 

measureme. ^ almin s further including the circulation 

107. A turbine according to daim 105, farmer inuu y 

of reactive power. . rf= ,, m q 7 hav |na a power controller for 

108 A turbine according to claim 97, having a pow 
controlling me power factor o, .he turbine without impacting .he circulahon o, 

reactive power. ^ ^ ^ ^ ^ ^ ^ ^ ^ „ said 

aching elements comprises a standard H-Bridga "»**• 

110 Aturbineaccoreingtoclaim97,whare,nsa,dstotorfurther . 

includes a staler winding means tor shining belween a Y-connection and a A- 

""""^ A famine according to daim 97, which farther indudas a means 
for the facilitating the active damping of current harmonics. 

112 A turbine according to 97, which further Includes a means for 
facilitating ttre active damping of resultant drive-train oscillations. 

113 A variable speed wind turbine, comprising. 

a famine rotor including at least one blade mounted to a relatable 

turbine shaft; 
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a doubled inductor generator having a etator and a rotor ooupled to 

the turbine shattfbr rotation therewith; 

a matnx converter including an anay of switching elementa. 

^ converter control un* to contra, the switching a— and 
a power confer for eomrclling the power factor of me turbme -out 

imoactinq the circulation of reactive power. _ 
^ m Aturbine according to daim 113, having a voltage gradient 

voltaae gradient limiting circuit includes an inductance. 

,« AvoKage gradient limning circuit of claim 114, wherein the 

wltag e gradient ,-ng circu* * at 

117 A turbine according to claim 113, including a 

teaatthreewindinga including a tertiary winding; and _ 

meansforadiuabngvonageatmeterca^hding w e-arahoo, 

tae input potent to .a output ^££Z!Z~« v* a 

118 Aturbine according to claim 113, including y 

wherein a reduced maxriA whereby a 

. •,„„„, potential to the output potential is greater than 0.866 
. w^fthe switching elements is increased. 
""TtZZ-Z** to ,a,m 113, having a prc^on clrcuator 
prot ec„ng the matdx converter aga*sU«r v^es. ^ 

190 A turbine according to claim 113, naving 
pro Jng .a ma,, converter agalns, over voyages and tor retaining control 

* 3 IT At! o, .aim 1 13, having means tor pos*on sensodass 
HPtection of the position of said turbine rotor. 

1 22 A turbine according to claim 121 , further includmg the 

m easurement of the current of said roton circula tion 

123. Aturbine according to claim 121, further mcu 

of reactive power. controller for 

124. A turbine according to claim 113, having a pow 

circulating reactive energy. 
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125 A turbine according to claim 11 3. wherein at leas, one of said 
swKching elaments comprises a standard H-Bridge module. 

,26 A turbine according to claim 1 13, herein saW stater farmer 
■ wudes a stater winding means for shifting between a Y-connectien and a A- 

connsction. . . , 

12 7 A turbine according to claim 1 13, which further mcludes a 

means for the facilitating the active damping of current harmon.cs. 

1 28. A turbine according to 1 1 3, which further includes a means for 

. . , mnin . n * resultant drive-train oscillations, 
facilitating the active damping ot resunaru 

! 29 A variable speed wind turbine, comprising: 

a turbine rotor including at least one blade mounted to a rotatable 

tUrb ' me a ^doly-fed induction generator having a stator and a rotor coupled to 

the turbine shaft for rotation therewith; 

a matrix converter including an array of switching elements; and 
a matrix converter control un«to control the switching elements, 
wherein at least one of said switching elements compnses a 

standard H-Bridge module. 

130 A turbine according to daim 129. having a voltage gradrent 
Mng circuit located bebween toe mat* converter and the generator rote,. 

131. A voltage gradient limiting circuit of daim 130, wherein fhe 
voltage gradient limiting circuit includes an inductance. 

132 A voltage gradient limiting circuit of claim 130, wherem the 
voltage gradient limiting circuit includes an inductance capacitor «ter. 

133. Aturbineaccordingtoclaim12g.indudinga te nsfotmerw,that 

least three windings including a tertiary winding; and 

^ane for adjusting voltage at fhe tertiary winding, wherein a rabo of 
„,e input potential the output potential is greater than 0.866. 

134 A turbine according to claim 129, including a generator** a 
winding ra«o; and means tor adiusring the winding rabo o, .he generator 
where n a reduced matrix converter gain is overcome, wherem a 
inpu , potent to me ourtput potenbal is greaterlhan 0.866 and whereby a 
ourrent rating of the switching elements is increased. 
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135. Aturbine according to claim 129, having a protection circuit for 
protecting the matrix converter against over voltages. 
' 136 Aturbineaccordingtoc,aim129 ! havingaprotect,onc,rcu l tfo 

protecting the matrix converter against over voltages and for retaining contro. 

after a ^ ^ ^ hgvjng means for positi0 n sensoriess 

detection of the position of said turbine rotor. 

138. Aturbine according to claim 137, further .nclud.ng the 
measurement of the current of said rotor. 

measurement, includinathe crculation 

139. A turbine according to claim 137, further inciuoing 

of reactive power. ,, aim 1 29 having a power controller for 

140. A turbine according to claim 129, having a pu 

circulating reactive energy. „ a ,w 
,41 A turbine acting to daim 129. having a power controller tor 
canning the power factor of ft. turi*e wHhou. fading ft. drculafton o, 

turbine according .0 daim 129, wherein sa« stator fcrfter 
indud es a srator Ending means for shifting be^een a Y-connedton and a A- 

"""C A turhina according .0 claim 1 29, which furthar indudes a 
means for the facilitating the active damping of currant harmon.cs. 

144 A turbine according .0 129, which further Inciudes a means for 
facilitating tha active damping of resultant driva-train oscillations. 

145 A variable speed wind turbine, composing. 

a turbine rotor induding at laast one blade mounted to a rotatabla 

the turbine shaftfor rotation therewith; 

a matrix converter induding an array of switching elements; 
a matrix converter confto, una * conftol the Zoning elements; and 
wherein said staler further includes a slator winding maans for shifting 
between a Y-connection and a i-connedion. 

,46 A turbine according to daim 145, having a voltage gradient 
MM drauft located hereon the matrix converter and the generator rotor. 
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147 A voltage gradient limiting circuit of claim 146. wherein the 
voltage gradient limiting circuit includes an inductance. 

,48. A voltage gradient Mftg *- - — «*■ *»"" 
voltage gradient limiting circuit Includes an inductance capacttor filter. 

m A turbine secerning to daim 145, including a transformer w«h a. 
least three windings including a tertiary winding; and 

m eans for adding voHage attoe tenia* winding, where, a ra,K> of 
the input potential to the output potential is greater than 0.866. 

,50 Alurbine according to claim 145. including a generator wtth a 
,• „ ra «o- and means for adiusting the winding ratio of the generator 
Z2T»ZZ* -nvener gain Is overcome, wherein a ratio o, .a 

to the output polentia, Is greater man 0.866 and whereby a 

.tten, raling o, toe «*ft* I — is in— ^ ^ 

1 51 A turbine according to claim I4t>, navmy « v 

parting me matrix converter again, over » ^ 

152 A turbine according to claim 145, naving 

pro Jng toe mab* convener agains, over voyages and for ratolmng conho, 

* ' Z "T-ne of claim 145, having means for posKon sensoriess 

^^"-53,^^. 

of reactive power. controller for 

156. A turbine according to claim 145, having a power 

^'Tr^ming to .aim 145, having a power cento* for 
^Jnglhepowertoctorol.helu^newnhou.^ngtheclr.labono, 

reactive power. ^,, a im 145 wherein at least one of said 

,58 A turbine according to claim 140, wn»iw 

swtehing elements comprises a standam H-Bridge module. 

"so A turbine according to claim 145, which further tndudes a 
nteans tor the faciiitabng toe ac, W e damping of current harmomcs. 
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160 A turbine accon*g to 145, which further includes a means for 
Mftftg me a*e damping of resultant drive-train oscillations. 

161 A variable speed wind turbine, composing: 

a turbine rotor iociuding at ieast one biade mountod to a rotatable 

inducaon generator having a stator and a rotor coupled to 

,he T:rirrd:*arta y o f sw«cbinge,emento ; a : d 

II converter contno, un« to conbo, tbe swHchln, 
lurther includes a means tor the facMng the active damping of current 

harm0 lT 2 A turbine according to claim 161,having 
r itino Lt located between the matrix converter and tbe generator rotor, 
imrting circua locdieu m vwhprein the 

163. A voltage gradient limiting circuit of cla.m 162, wherein 

voltaoe gradient limiting circuit includes an inductance. 

9 Z A voltage gradient Wing circuit of Cairn 162, where, the 
\- ♦ umitina circuit includes an inductance capacitor filter. 

11 .o d a,m 161 , inking a transtomtor w* at 

l»ast three windings including a tertiary winding; and 

"ans for adiusung voltage a. toe tertiary winding, wherern a rabo o, 

me mpu, potenba, to tbe output P-^tZ viator * a 
i 6 6 A turbine according to claim 161, inciuoing a y 

^ one fnr adiustinq the winding ratio of the generator 
"SEEL — — ^ * overcome, wberein a ratto of fhe 
CZ^l - outou. Potent is greater lhan 0. 8 ae and whereby a 
current rating of the switching eiemento is inoreas^ ^ 

16 7 A turbine according to claim 1 61 , Having a pro 
pnotoCng^emalrixoonverte, a p(otectton ^ for 

168. A turbine ^^^JJ U fining control 
protecting the matrix converter agarnst over voitag 

after a grid disrupts. havlng „aans for position sensorless 

169. A turbine of claim 161, having ni«c " 

detection of the position of said turbine rotor. 
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170 A turbine according to claim 169, further including the 

of reactive power. controller for 

1 72. A turbine according to claim 1 61 , hav.ng a powe 

Hreulatinq reactive energy. , 
circuidm iy „i^ im 4Ri havina a power controller tor 

173 A turbine according to claim 1 61 , naving a 

T A turbine according to Cairn 161 . wherein a, least oae o, said 

C0 " ne * n ' A M*. acceding to 161 , which further inCudes a means tor 
MKaUng the active damping of — drive-train osdMona. 
17 7 A variable speed wind turbine, comprising: 
I turt ,ine rotor InCuding a. .east one blade mounted to a rotate 



turbine shaft; 



atly-ted iadudon generator having a staler and a rotor coupled to 
the turbine shaft for rotation therewith; 

a matt x converter including an array of switching elements; and 
I** converter control un* to con.ro, the switching elements; whir* 
uJZl a means for fading - acuve damping of — drwe- 

** CTturbine accomlng to Cairn 1 77, having a voitage gradient 
„„g Crcun locafed be^en me matox converter and rite generator rotor. 

179 A voltoge gradient ,in*g circuit of claim 178, wherem the 
voltage gradient limiting circuit includes an inductance. 

180. A voitaga gradient lim«ng circuit of Cairn 178, whemin the 
vouage gradient limiring Crcuit InCudes an Inductance 

,81 A turbine according to claim 1 77, inCuding a transformer wrih 
least three windings inCuding a tertian winding; and 
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me ans for adjusting voltage at the tertiary winding, wherein a ratio of 
the input potential to the output potential is greater than 0.866. 

182 A turbine according to claim 177, including a generator w,th a 
winding ratio; and means for adjusting the winding ratio of the generator 
Therein a reduced matrix converter gain is overcome, wherein a rat,o of the 
CZtLa. to the output potential is greater than 0.886 and whereby a 
™n*rrt ratine of the switching elements is increased. 

,83 A turbine according ,o claim 177. having a protect circa* for 
pro ,ec«n, fhe mat* converter against over « ^ 
184 A turbine according to claim 177, having 

^ ' rtrCe o, Cairn ,77, having means for posluon sensoriess 
detection of the position of said turbine rotor. 

186. A turbine according to claim 185, further mclud,ng the 
m easuremen,of*ecurren.o.s*ro^ ecirculaUon 

1 87. A turbine according to claim 1 Turcner .« a 

of reactive power. controller for 

1 88. A turbine according to claim 1 77, having a puw 

circulating reactive energy. ^ii-,** 
189 Atumineac«rdingtodaim177,havingapowercontroiler,or 

conlrelling'the power factor o, the lurbine w«hou, impact me drculauon o, 

""^ n turbine according to claim 177, wherein at leas, one of said 

switching element comprises a standard H-Bridge module 

191 AturoineaccordingtoclaimW.wherernsardstatorfurther 

inciudes a stater winding means tor shifting baleen a Y-connection and a A- 

""T A turbine according to claim 177, whi* ftrrther includes a 
means for the facilitating the active damping of current hamronrcs. 
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